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In order to facilitate the analysis of the shape . 
and position of elution curves in inverse gas 
chromatography, such curves were generated in a 
computer for many well-defined situations, The 
effects of diffusion in the gas phase, of slow 
diffusion in the pol- phase (compared to an 
instantaneous equilibration of the probe), and of 
surface adsorption (Langmir type) wre simulated. 
A set of evaluation guidelines was established and 
was applied to several model experiments. 

- 

". . . 

The use of inverse gas chrornatography (I=) to study the 
properties of polymers has greatly increased in recent years 
(1,2). - The shape and position of the elution peak contain 
information about al l  processes t h a t  occur in the column: 
diffusion of the probe in the gas and the polymer phases, 
partitioning between phases, and adsorption on the surface of the 
polymer and the support. Traditional IGC experiments aim at 
obtaining symc?trical peaks, which can be analyzed using the van 
m t e r  (2) or aments method (4).  Hwever, the behavior of the 
polymer-probe system is also reT1ected in the asymnetry of the 
peak and its tail. A method that a x l d  be used to analyze a peak 
of any shape, allawing elucidation of all the processes on the 
column, would be of great use, . 

It is difficult to separate the effects of the various 
procisses contributing to the shape and position of an 
experimental elution peak because, in most instances, it is not 
obvious which factors are at play in any particular experiment. 
Hence, it is useful to analyze various &ls of chromatographic 
processes theoretically and follow their effect on the elution 
peak. Hcrwever, the differential equations describing these models 
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m y  be solved analytically only for the simplest models. 
possible to cast these differential equations in the form of 
difference equations and follow the developnt of the system by a 
computer. 
simulations for some simple systems and compares the results with 
appropriate experimental data. 

It is 

This paper reports the results of our computer 

Traditional Analysis of Elution Curves 

The comonly used method of analysis postulates that ideal 
elution curves are symnetrical and Gaussian. 
position of the peak maximum, tR, is a measure of the distribution 
coefficient of the probe between the stationary and mobile phases; 
peak spreading is expressed by the height equivalent to one 
theoretical plate H, which m y  be written as H = L/N, N being the 
number of theoretical plates and L the column length. 
rn may write 

The time at the 

Furthemre 

Np = (tR/k4)* 8 In 2 (1) 

W+ denotes the peak width at half height; and subscript P denotes 
a parameter obtained from peak -ions. 
Deemter equation (2) m y  be written in a general form as 

The extended (5) van - 

H = A + 2g%/U + + C ~ ) U  (2) 

A is an eddy diffusion term t o  account for the various pathways in 
packed columns which lead to peak spreading; b'is the tortuosity 
factor which often has a value close to unity; u is the linear 
velocity of the carrier gas; terms Cg and C1 account for radial 
diffusion in the gas phase and the liquid phase respectively. 
have found experimentally on packed columns that the % term is 
negligible ( 6 ) .  - 

We 

The expression for the C1 term may be written as 

D g a n d  D1 are the diffusion coefficients of the pro'be in the 
two phases. J is a numerical constant and is equal to 8/H2 
according to van Deemter (31, and equal to 2/3, according to 
Giddings ( 7 ) .  + is the tfiickness of the polymer layer. 

For the traditional model, the elution time at the peak 
, is rerated to the capacity factor k' and partition 

k' = K VL/vG ( 4 )  

@ = b(1 + k') = b(1 + X x&) (5; 

Here to is the elution time of the marker (ideal, non-retained 
probe); VL and VG are the volumes of the two phases within the 
COlUmn. 

Another method of analysis of elution peaks is based on 
the statistical moments oE the curve and was first proposed by 
PkQuarrie (8). The first m n t ,  FM, is the center of gravity of - 



the _peak; it is eqyal to tR for a hypothetical symnetrical peak. 
The second central statistical moment, %, is equal to the peak 
variance (&I; it is related to H as 

HM = L/N = L2/Q2= L qq/Ftq2 (6) 

The subscript M refers to the rrrethod of mments. 
moments is applicable to all chromatographic systems characterized 
by a linear partition isotherm (that is, for 
irrespective of diffusion processes deforming the elution peak. 

surface adsorption is involved), the elution peaks exhibit long 
tails. 
the polymer and by technical artifacts: mixing in the injection 
chamber, etc. 

The method of 

K = constant) 

When the partition isotherm is nonlinear (typically when 

Tailing is also caused by slow diffusion of the probe in 

Omputer Simulation 

Diffusion of the probe in the gas and polymer phases, and 
adsorption on the support and on the polymer surface (both types 
of adsorption have nonlinear isothenus), siaailtaneously play an 
important role in IGC experiments and must be accounted for 
properly. An extensive cOmputational program is planned to 
simulate the individual processes and to assess their influence on 
chromatographic behavior. In a recent paper, simulated behavior 
of three types of system was described (9). In the simplest case, 
only diffusion in the gas phase was opera'tive. 
corresponds to elution of an ideal mrker. 
of gaseous diffusion and partitioning of the probe between the 
phases, were 
equilibrium between the phases. 
using a low molecular wight stationary phase or a polymer well 
above its glass transition temperature. 
partition of the probe combined w i t h  its slow transport in the 
polymer phase and with gaseous diffusion was also perEonned. 

to minimize the number of input variables governing the 
chromatographic processes. 
three characteristic numbers : 
at equilibrium, Z g  for the diffusion in the gas phase, and Zf 
governing the diffusion of the probe in the polymer phase (it 
vanishes when the probe equilibrates instantly). 
are defined as 

This case 
Simultaneous effects 

simlated next, assuming an instantaneous 
This case corresponds to 102 

Simulation of the 

It is convenient in dealing with the computer simulation 

We were able to do this using just 
Zp for the partition of the probe 

These quantities 

Should one wish, these variables can easily be converted back to 
their expanded forn through the definitions given in Equations 7 - 
9. Our measure of peak asymetry is the ratio of half widths, Rr 
(easily accesible experimentally); it is defined as a ratio of d; 



front half of % to its back half. 
Traditional analyses of elution peaks (Equations 2-6) in the 
present notation are 

For symnetrical peaks R $ =  1. 

91 = % = + zp)t, 
2 Hp = H M =  2Zg + ZfZp/(l + Zp) 

We have simulated elution curves for many combinations of the 
characteristic numbers. 
were described elsewhere (2). 
results of the simulations: 

The details of the simulation procedure 
Here we present only the main 

1. Elution peaks were always asymnetric, even for simple gaseous 
diffusion and no interaction With the polymer. The Rlivalues 
ere well correlated by the following expression: 

911 = 1 - (1.664(Zg)% + 1.225Zg) (12) 

This relation was also valid for interacting probes so long as the 
equilibration was instantaneous. 

2. The elution time tR was always shorter than required by 
Eguation 10. For instantaneous equilibrium, the correlation 
yielded 

In this expression, to is the elution time of a hypothetical 
markerewith vanishing values of Dg and hence Zg, which would 
travel through the column as a Dirac delta function. 

3. When the liquid diffusion was slow (large values of Zf), the 
probe eluted together with marker (that is, $/t, = 1) and the 
interaction with the polymer was manifested only by a long tail on 
the elution peak. 

4 .  When the ratio Zf/Zp was less than approximately 0.5, then a 
pseudo-equilibrium was achieved, (the probe distributed itself 
between the phases in a more or less equilibrium manner at least 
near the end of the column), and t was given approximately as 

tR/to = ( 1+Zp) ( 1-2.77Zg) - 0.482Zf (1+0.68Zf/Zp) (14) 

5. Asymnetry of the elution peak R3 and the value of %for slowly 
diffusing probes depended on the ratio Zf/Zp. 
equi1ibri.m case (Zf/Zp < 0.51, the asymetry was moderate and 
Fp_. was approximated by 

- -  R 

In the pseudo- 

&/L = 2Zg + 0.7 Zf Zp/(l + Zp)' 

+ 0.965 [ Zf Zp/(l + ZpI2J2 
"his relation is close to the van Deemter relation, Equation 10, 

(15) 



so long as zfzp/(l+zp)* is not too large. 
close to Unity, RII is small and Hp is very difficult to correlate 
With the basic parameters, 
approaches the marker-lik value of 2Zg and the asymnetry 
decreases again. 

When the ratio zf/zp is 

Finally, when Zf/Zp > 2, the Hp value 

6. The simulation results agreed fully w i t h  predictions of the 
moments mthod; both FMand HMwere described by Equations 10 and 
11. This was true even in the marker-like region, where the 
probes eluted essentially at $ = to and the retention was 
manifested only as a long low tail. 

The second simulation project was ahred at describing experiments 
in which retention results from surface adsorption characterized 
by a Langmuir-type isotherm. 
characteristic parameters are Zg, Zp, Zs, and Ri. 
distribution coefficient between the surface and the carrier gas 
at vanishing surface coverage. 
R i  = Minj/Mtot where Minj -is the mss of the probe injected and 
Mto t  is the mass of the probe which would fully saturate the 

infinite dilution 

In this simulation, the 
2s is the 

R i  is defined as the ratio 

, adsorbing surface. The surface simulation work shows that at 

F M / ~  = (l+Zs+Zp) (17) 

w i t h  an increase in the amount injected (increasing Ri) both Q/to 
and FM/to decrease; decreasing more rapidly than FM. At 
injected amounts greater than the surface capacity of the column 

tdto = (1 + Zp) (1-2.77Zg) (18) 

Fdto = (1 + Zp) ': (19) 

that is, the surface effect becomes negligible. 
illustrates results obtained from the surface simulation for the 

Figure 1 

dependence of tR/to and Fdto on bgra Minj (Mtot = 1) for several 
values of Zs with Zp = 0. 

.C Materials and Methods 

"he experimental data presented in this paper represent typical 
data from chromatographic experiments that were performed during 
various IGC projects. 
chromatograph was registered on an HP 3478A digital voltmeter and 
recorded by a microcomputer. 
jnterfacing was perform3 by a G X B  interfacing board (National 
Instruments). 
reproducibility of approximately t0.1 s in retention time. 
Typical columns were 150 cm long and 6.35mn O.D., and contained 60 
to 80 mesh Chromosorb-W (acid w h e d  and treated with dimethyl- 
dichloro-silane) either uncoated or coated with 7% (by weight) of 
polymer. 

The signal from the FID detector of the 

The computer and voltmeter 

Data acquisition in this manner allowed a 



canparison of Simulation and Expe riment 

Demonstration of Instant Equilibration (Zf = 0). 
aathered for several n-alkanes at various qas flow rates and 

Data were 
a--- - - -  

column temperature of 1OO'C using a column-coated with poly- 
isobutylene (PIB). 
glass transition temperature (Tg) and equilibration of probe and 
polymer is expected to be instantaneous. 

For instantaneous equilibration, the simulation predicts that 
FM is as predicted by theory, Equation 10, and tR is given by 
equation 13. 
gaseous diffusion coefficient. 
values of tR and FM at several flow rates. 

Table I. 

Under these conditions PIB is far above its 

Thus tR should be slightly less than % due to the 
Table I shows the experimental 

Flow rate dependence of + and I$ determined at 1OO'C 
for several n-alkanes on a poly-isobutylene column. 

8 Wmin 16 mL/min 24 ml/min 
Probe t R FM tR FM 93 % 

1 c1 176.736 178.289 91.400 91.929 64.700 64.990 
c5 215.807 219.211 110.932 111.689 78.680 79.277 
C6 258.432 259.945 133.056 133,880 94.213 94.838 
c7 346.817 348.676 ~8.822 179.847 126.335 127.114 
ca 527.889 m.752 271.797 272.727 192.487 193.384 

The difference between tR and FM is less than 1%, which is 
reasohble for the expected magnitude of Zg. 
the system is in equilibrium. First, there is close agreement 
between tR and FM. 
masured under identical conditions for a coated and an uncoated 
column are essentially the same, see Table XI. 

Tm points indicate 

Second, FQ., the width ratios for the probes 

Table XI. The width ratio, &I, obtained for several n-alkanes on 
an uncoated column and on a PIB column at 40'C and look 
at a €low rate of 16 mL/min. 

Ri Chrom. W Fb Chrom. W R PIB R PIB 
'4 0 *C foo'c . do'c foo'c 

Probe 
c1 0.951 0.942 0.949 0.946 

0.951 c2 0.921 0.961 0.739 
c3 0.918 0.963 0.796 0.923 
c4 0.895 0.936 0. a45 0.942 
c5 0.817 0.942 0. aaa 0.946 

By reducing the tR of the probe by $ of the imrker (t'R 1 , and 
reducing the FM of the probe by FM of the marker (F'M , 1+Zp for 
the probes is obtained. 
part of the m1.l error in tR because of the effect of Zg.) The 
reduced values (l+Zp) are shown in Table 111. 

(Muction in this manner accounts for 

There is excellent 



agreement between the values calculated from either tR or FM. In 
addition, the values are independent of flow rate, as is expected 
for instantaneous equilibration. 

Table 111. M u &  values of tRand FM determined for several n- 
alkanes at 100.c on a PIB co~umn. 

c6 1.461 1.457 1.458 1.456 1.455 1.458 
1.961 1.954 1.959 1.956 1.954 1.955 

2.974 2.973 
c7 
c8 2.985 2.970 2.978 2.966 

Demonstration of Non-equ 'librium (Zf/Zp < 0.5). 
gathered on the same PIB coated column as above at a temperature 
of 40'C. 
polymer is not expected to be instantaneous. 
these conditions predicts that €&l = (1 + Zp) and t& will be 
reduced by the effect of non-zero Zf. 
reduction is given by the second term of the right side of 
Equation 15. Since Zf is dependent on flow rate, it is possible 
to estimate Zf from the dependence of the peak width on the flow 
rate and hence, determine the size of the correction and compare 
it with experimental results. 
bearing in mind that theoretically the simulation is applicable 
for capillary columns and not packed columns. 

of V n o 0  to zero flow rate, where vn is the net retention volume 
of the probe and Vo is the void volume of the column. 
values are shown in Table IV. Second, u, the linear velocity of 
the carrier gas, is introduced into Equation 11 to give 

Data were 

Under these conditions, diffusion of the probes into the 
The simulation under 

The magnitude of the 

This comparison should be made 

First, the true value of Zp is determined by extrapolation 

These 

u/Np = 2zgu + (0.7ZfZp/(l + Z P ) * ) U  (20) 

Substitution for Zg and Zf leads to 

4% = 28/L + (0.7<Zp/QL(l + Zp)2)u2 

Thus a plot of *versus uL yields 

intercept = 28/L (22) 

slope = 0.7 d,2Zp/(1+Zp)2 4 L  (23) 

Rearrangement gives 
3 

Zf f df'u/DIL = slope (l+Zp)*Y/0.7 Zp (24 )  

?he correction predicted by Equation 15 is estimated e d  Zp is 
adjusted. 
corrected values for three €low rates, are given in Table IV. 

Zp at zero flow rate, the experimental values and the 



Table IV. Zp values of n-alkanes on a PIB column at 40'C; values 
at zero flow rate, at several flow ratesr and at several 
flow rates corrected according to the simulation. 

ZP ZP from tR/trR Zp corrected 
Flow 
(mL/min) 0 8 16 24 8 16 24 
Probe 
c5 0.872 0.832 0.800 0.777 0.842 0.822 0.810 
C6 2.431 2.369 2.328 2.295 2.384 2.357. 2.338 
c7 6.700 6.600 6.546 6.511 6.681 6.678 6.692 
C8 18.34 18.15 18-09 18.07 18.18 18.13 18.13 

The predicted correction term is approximately three-fold less 
than would be required to adjust the experimental. values to their 
value at zero flow rate. This difference is likely due to the 
range of polymer thickness in packed columns rather than the 
homogeneous coverage used in the simulation or for capillary 
columns. However, the first moment yields Zp values that are in 
excellent agreement with Zp values calculated at zero flow rate; 
Table V. 

Table V. The Zp values of several n-alkanes determined on a PIB 
column at 40'C; values at zero flow rate and values 
determined from the first moments. 

ZP zp from % / t ' R  
Flow ( W/rnin 0 a 16 24 
probe 
c5 ' 0.872 0.887 0.894 0.896 
C6 2.431 2.430 2.444 2.435 
c7 6.700 6.681 6.674 6.692 
ca 18.34 18.31 18.30 18.27 

This indicates that under these conditions, Zp can be obtained 
from t R  only by extrapolating to zero flow rate, whereas Q m y  be 
used regardless of the flow rate. 

Determination of the Statistical Momts. 
confirmed that the method of moments offers a straight forward 
route to the data of interest for chromatographic experiments when 
isotherms are linear. However, in the past the experimental 
evaluation of the'momnts was imprecise. 
are extremely sensitive to tailing. Using the enhanced data 
acquisition techniques (signal to noise ratios of approximately 
5 x 104 
long low tail on many of the elution peaks was observed on coated 
as weli as uncoated columns, 
tail was observed whenever the pro'be was injected in liquid form. 
When the injected amounts were the same, vapor injections greatly 
reduced tailing compared with liquid injections. 
attributed to  retention of the pro'be by the polymeric septum of 
the injection port. 
septum, the liquid at the tip of the needle is transferred to the 

The simulation 

The stitistical mornents 

the method of moments was re-examined. Tne presence of a 

It was also noted that a long low 

The tailing is 

When the needle is inserted through the 



septum. 
tailing. 
obtained frm liquid injections and vapor injections. 
vapor injections almost c o q l e t e l y  suppresses the e f fec t  of 
retention by the  septum. The mottents are extremely sensi t ive t o  
ta i l ing ;  the higher the moment, the greater the sensi t ivi ty .  W i t h  
small injections of vapors we have found that the f i r s t  moment can 
be measured w i t h  confidence. Ideally a septum free system, should 
be used for  the introduction of probes in to  t h e  column i f  t h e  
higher moments are to be util ized. It is possible that headspace 
sampling gas chrcmatography could be used advantageously fo r  t h i s  
purpose (2). 

peak Asymnetry . 
various processes occurring in the column. 
asymnetry width ratio, 3, defined earlier, was  used. Although no 
quantitative relationship that can be applied w i t h  confidence 
experimentally w a s  found via the simulation, E$ has proved t o  be a 
useful quantity. 
adsorption a t  infinite dilution, F$ is close t o  unity. 
injection size increases, 3 decreases u n t i l  R i  = 1. 
increases again as the probe begins to e lu t e  i n  the mrker-like 
region. It is hoped that i n  the  future research w i l l  determine 
whether the dependence of R+ on probe concentration can be used in 
determining support surface area. 
&€fusion a t  instant equilibration R4 is close t o  Unity. 
decreases through the  non-equilibrium region and again increases 
as marker-like behavior is observed. 
affect R +  i n  a particular experiment cannot be determined, R.+ can 
be us& as a guideline. 
for  several n-alkanes on the PIB  column and on an uncoated column 
at 40'C and 1OO'C and a flow rate of 16 a/&. A t  lOO'C, R+ for  
probes on both uncoated and PIB  columns are comparable and 
relat ively large. 
behavior i n  the system. 
column at 40'C show a considerably lower Ri, indicating t h a t  the 
system is not exhibiting instantaneous equhibration. 

Acetone on Uncoated Support. 
were performed on a column containing uncoated support a t  40'C and 
1OO'C and a flow rate of 16 U m i n .  After treatment of the  . 
support With'dimethyl~ichloro-silane, the resultant, so-called 
inert support, still contained a srnall number of act ive polar 
sites. These sites lead t o  adsorption of polar probes and thus 
the support contributes t o  the observed retention. 
goals of t h i s  investigation was t o  facilitate the correction of 
retention data €or the contribution of the  support. 
dqpndence of the acetone retention on t h e  quantity injected 
(determined from peak area) was investigated. 
polymer, any change in t h e  retention with change of probe 
concentration was expected to be the resu l t  of surface adsorption. 
Also, by changing t h e  temperature Zs was effectively altered, 
(increasing temperature leading t o  a decrease of Zs), since the 
surface capacity of the column remained the same. 

The probe slowly eluting from the septum causes excessive 
Figure 2 illustrates the difference between the moments 

The use of 

The asymnetry of the elut ion curve re f lec ts  the 
'h follow this 

In  the case of the sirnilation of surface 
As 

Ft+ t h a  

In the simulation of bulk 
It 

Though the processes that 

For exar?ple, Table I1 shows R4 determined 

This indicates that there is no anomalous 
However the  data for  probes on the PI3 

1 

Experiments i n  t h i s  section 

One of the  

The 

In  the absence of 

Figure 1 



illustrates the depndence of $/to and q/h on log,,Minj for the 
simulation at several Z s  values and with Zp = 0. In Figure 3 we 
present the same dependence for the experimental data of acetone 
(in this instance the dependence is on logl$, peak area). While 
the simulation covers an extensive range of concentrations this 
may not be possible experimentally. Small injections are limited 
by the low detector signal (broad peaks magnifying this effect), 
while large injections are limited by non-linear detector 
response. However, even w i t h  the experimental range of 
concentrations covered, a comparison of the curves in Figures 1 
and 3 is useful. It indicates that the results are in the region 
of moderately sized injections (for the number of active sites on 
the column). 
at 40'C Zs is greater by an order of magnitude. Although the 
precise value of 2s cannot be determined as the injection size is 
far from the limit of inf ini te  dilution, the value of Fdt0 
approaches unity with increasing amount of probe. 
indicates that the retention is due to the surface of the support. 
Overall, the surface simulation and the experimental results 
cOmpare favorably. Current work is focused on acquiring more data, 
both from experiment and from simulation. 
likely that in the future it will be possible to determine the 
capacity of the packing material for various probes. This will 
permit correction of probe retention data for the effect of the 
active surface sites on the support. 

At 100°C Zs is small, aproximately 1 or 2, whereas 

This trend 

At this the it seems 

Conclusions 

The following conclusions were drawn from this research. 

1. While the simulations do not predict exactly the results of 
experiment, they are extremely useful in predicting behavior 
trends. 

2. The first moment can be used in the determination of 
characteristic numbers provided careful data acquisition and 
experimental procedure are followed. 
be handled with great caution. 

Use of higher moments should 

3. Comparison of the elution time at peak maximum and the first 
moment is extremely informative as to what processes are affecting 
the retention of the probe. 

4. By following the dependence of elution parameters on the amount 
of probe injected, it is possible to distinguish ktween surface 
adsorption and bulk adsorption of the probe. 
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